Abstract: Nitrogen and phosphorus removal from wastewater remains one of the serious environmental problems worldwide. The present study was aimed at combining the both nitrification and phosphorus accumulation processes in the laboratory-scale model system. Synthetic wastewaters (28 mg N-NH 4 + L -1 ) were treated consequently in the cascade of three columns, which were designed for nitrification and phosphorus accumulation processes, respectively, and were packed with porous ceramic beads. Six treatment cycles of seven days in each column were performed. Addition of 3% ethanol to wastewater increased the efficiency of ammonium removal in the first column of the cascade during the 7 day period to 81.9 %, which was accompanied by a decrease of pH from 7.3 to 6.2. An increase of soluble phosphates was shown in Columns II and III of the cascade. Microbial enzyme activity, number of CFU and diversity of the microbial community differed among the three columns tested. The most active biofilm formation was detected in Column I. The thermal analysis of beads has revealed mass losses of 0.23% and 0.08%, due to decomposition of light volatile organic substances at 173 C and 481 C, respectively. In turn, the beads in Column II and III were not covered by thick biofilm, while blue crystals were found on the surface. Accumulation of nitrogen and phosphorus on the beads was detected. Vegetation experiments have revealed some stimulation effect of the beads applied as an amendment to loamy sand soil, to the growth of rye and cress.
INTRODUCTION
Municipal wastewaters contain a significant amount of organic matter (chemical oxygen demand -COD), nitrogen (N) and phosphorus (P), which, when improperly discharged, can lead to adverse environmental impact, toxicity to aquatic organisms, depletion of dissolved oxygen etc. [1] [2] . Removal of phosphorus and nitrogen from wastewater depends on the initial pH values, COD, magnesium, calcium, and potassium, incubation time, temperature, excessive aeration, etc. [1] . All of these factors influence the structure and activity of microbial communities responsible for wastewater treatment process.
Another important factor affecting biomass maintenance is an appropriate carrier for cell immobilization. The characteristics of the filter media have a great impact on the treatment efficiency and, to a great extent, determine *Address correspondence to these authors at the Institute of Microbiology and Biotechnology, University of Latvia, 4 Kronvalda Blvd., Riga LV-1010, Latvia; E-mail: andrejs54@inbox.lv construction and operation costs [3, 4] . A broad spectrum of technological approaches is used for immobilization of microorganisms, including various organic and inorganic materials. For wastewater treatment, the advantages of an appropriate inert carrier are as follows: insoluble, nonbiodegradable, non-toxic, non-polluting, light weight; flexible in overall shape, highly mechanically and chemically stable, highly diffuse, simple immobilization procedure, high biomass retention, and preferably a low cost [5] . In addition, inert carriers are also much easier to clean and replace [6, 7] . Porous ceramic beads have been shown to be an appropriate packing material for wastewater treatment and other biotechnological applications, in particular, due to their high gas and liquid film mass transfer coefficients, high chemical and temperature resistance, mechanical strength, minimization of diffusion limitations of nutrients, etc. [8, 9] . The asymmetric pore size distribution is ideal for immobilization of microorganisms. During colonization they can easily enter the carrier, where they have a large surface to colonize [10, 11] . Composition of microbial communities in immobilized biomass depends on hydraulic retention time and nitrification efficiency, which increases with increasing hydraulic retention time [12] .
Besides, an efficiency of wastewater treatment is dependent on bioreactor design. More than one biofilter layer in the same apparatus or separately designed reactors with different processes in each reactor (e.g., aeration level, microbial community structure, bed packing etc.) can sufficiently increase the rate of wastewater treatment process [13] [14] [15] [16] .
Phosphate removal from wastewater is one of the serious problems worldwide. Several methods are used to remove phosphorus, e.g. via chemical treatment or by utilizing enhanced biological phosphorus removal (EBPR) processes [1, 17] . However, successful operation sometimes can be limited by further rehydrolysis of polyphosphates with a consequent release of magnesium and phosphate ions into the solution [18] . Recovering phosphate as struvite crystals (magnesium ammonium phosphate hexahydrate, or MAP) before it forms accumulate on wastewater treatment equipment is considered an alternative solution to this problem [1, 19] . Treatment costs of struvite precipitation could be reduced by (a) using low-cost materials; (b) process recycling of struvite and (c) selling recovered struvite as production [20] . Struvite recovery was found to be dependent on pH, aeration rate, reactor types, Mg/P, N/P and Ca/Mg ratio [21, 22] . Recently was shown that the presence of K + , Ca 2+ , Na + , and Mg 2+ had a significantly negative effect on the removal of ammonia-nitrogen. At the same time, the presence of these ions, except for Na + , had a positive influence on the removal of phosphate [23] . Struvite crystals play a positive role in initial granulation and bacterial group distribution in wastewater treatment [24] . When harvested properly, struvite can be used as a slow release fertilizer. This solves a wastewater treatment problem and provides an environmentally sound and renewable nutrient source to the agriculture industry [25] .
Our previous experiments showed the advantages of ceramic beads as a carrier for nitrifying bacteria in the submerged biofiltration system [4] . The present study was aimed at combining both nitrification and phosphorus accumulation processes using synthetic wastewaters treated consequently in the cascade of three columns, which were designed for nitrification, denitrification and phosphorus accumulation processes, respectively. The physicochemical stability of a newly designed ceramic carrier, the changes in the concentrations of biogenic elements in synthetic wastewaters, as well as the shift in microbial community structure in the columns in the case of ethanol addition was evaluated.
MATERIALS AND METHODS

Bioreactor
The laboratory-scale model system established for this experiment consisted of 3 columns connected as a batch reactor cascade. Each column was 340 mm high with  75 mm. The columns were equipped with a perforated plate supporting the packing material. The air pump (AC-1500, Resun, China) was connected to the first column, thus, providing continuous aeration with a mean air flow of 0.8-0.95 L min -1 . The columns were packed with porous ceramic beads (in each column 1.2 L), which were previously fabricated from Devonian clay at 1200 C, being previously tested and evaluated as appropriate for biofilm formation [26] After 10 days incubation of inoculum in liquid broth in the columns, the liquid phase was discharged from the column, the beads were rinsed once with distilled water and afterwards synthetic wastewater was added.
The experiment was realised by treating the synthetic wastewater in the cascade of columns, i.e. wastewater was added to Column I (aerated "nitrification column" with air flow 0.8-0.95 L min -1 ), followed by "denitrifying and Paccumulating" Columns II and III performed under nonaerated conditions. The first three cycles (i.e., from 1 to 3) were performed with wastewaters without ethanol, while the cycles from 4 to 6 -with 3% ethanol, respectively. One cycle consisted of three consequent incubations in the columns I, II and III for 7 days in each column. Composition of the synthetic wastewater, g L After 6 cycles the columns were disassembled and the beads from the upper, middle and lower parts (due to different conditions) of the columns were sampled for physicochemical and microbiological analyses.
Physicochemical Testing of Wastewater and Ceramic Beads
Phosphorus determination in wastewater was made using colorimetric ascorbic acid technique [12] . Nessler's reagent was used to determine the ammonia nitrogen concentration. Nitrate was detected in the form of nitrite using Zn powder as reducer to nitrite. Nitrites were determined by spectrometric method at 540 nm, using Griess reagent.
Determination of Fe(III) oxide in the beads before and after wastewater treatment was carried out according to [27] . Mercury porosimetry, used to determine the porosity, pore size distribution and surface area of pellets, was performed with a Quantachrome porosimeter PoreMaster (USA). A thermal analysis of the beads after use in the columns was carried out for the fine powder. For the experiments thermal analyses equipment SETARAM SETSIS Evolution 1750 till temperature 1000 C was used. Ash content was determined according to [28] , potassium was determined with AAS according to [29] , phosphorus was determined according to [30] . Total nitrogen content was determined according to [31] using an automatic system Auto Kjeldahl Unit K-370 ("Büchi", Switzerland). Total carbon and sulphur was measured with an automatic analyzer CS Eltra ("Eltra", Germany). pH value and was measured in water (1:5) with pH-meter Hanna pH213 ("Hanna Instruments", USA). To visualize the surface of ceramic beads the light microscope Motic DM-1802 (China) was used.
Microbiological Analyses
A set of serial dilutions was made from liquid samples and 0.1 mL from the dilutions were plated on or inoculated in the following media: R2A (Becton & Dickinson, France) for the aerobic bacterial plate count, malt extract agar (MEA, Becton & Dickinson, France) for the fungal count, and thioglycollate broth (Bio-Rad, France) for the anaerobic bacteria count. The beads were carefully rinsed twice with sterile distilled water. Three grams of granules were scrubbed and ground in a sterile mortar with a pestle in 3 ml of water to recover the bacteria adsorbed on the granules. The number of detached viable microorganisms was analysed in the serial dilutions of the suspension. Plates and tubes were incubated at 20 °C for seven days. The number of microorganisms was expressed as logarithms of colonyforming units (CFU) per mL or gram of sample. Based on colony and cell morphology, predominant fungi were isolated from the highest dilutions of samples and purified using a streaking method. Fungi were identified using macroscopic and microscopic appearance and keys [32] .
Testing of Microbial Enzyme Activity
Microbial enzyme activity was tested in a suspension of crushed ceramic beads. Fluorescein diacetate (FDA) hydrolysis activity was measured according to Chen et al. [33] , with some modifications. A 50 μL sample was added to 750 μL of 0.06 M phosphate buffer pH 7.6 which contained 60 μg FDA in 30 μL acetone. FDA hydrolysis activity was determined after 60 min incubation at 37 °C, in triplicate. After incubation, an aliquote of acetone was added, the liquid phase was centrifuged at 4000 rpm and optical density was read at 490 nm. Dehydrogenase activity (DHA) was determined by reduction of 2-p-iodo-3-nitrophenyl-5-phenyltetrazolium chloride (INT) to iodonitrophenylformazan, in triplicate. 100 μL of (40 mg INT, 1 mL 1% glucose, 20 mL 0.25 M TRIS) were added to 50 μL sample. The mixture was incubated at 28 °C for 48 h. Afterwards 500 μL of the extraction solution (ethanol and dimethylformamide 1:1) were added, vortexed and after 30 min centrifuged at 5000 rpm. Optical density was measured at 485 nm [34] . Urease activity was determined after 24 h incubation at 37 
Microbial Community Analysis by Biolog EcoPlate
Catabolic diversity of the microbial community was determined using Biolog EcoPlate (Biolog, Inc., USA). Measurement of substrate metabolism in EcoPlate is based on color formation from tetrazolium dye, a redox indicator. A 1 mL suspension of crushed ceramic beads with microorganisms was diluted to 100 ml with sterile 0.85% NaCl, then inoculated into each well and afterwards incubated for 48 h at 28 C. The microbial activity in each well was expressed as average well-color development measured at 620 nm, using microplate reader ASYS Expert Plus (Biochrom, UK). Results of Biolog profiles are presented by the Shannon diversity index to assess the changes in culturable microbial community developed at the end of the experiment on the surface of ceramic beads in three columns of the cascade. For estimation of the Shannon diversity index the following equation (1) was used:
where p j = relative intensity of individual well [35] .
Vegetation Experiment
The experiment was performed outdoors in 250 mL pots. Beads from the columns (10 g) were added to 140 g loamy sand soil. Seeds of rye (Secale cereale L.) and cress (Lepidium sativum L.) represented mono-and dicotyledon plants, were sown in triplicate (10 seeds/pot). After 21 days, the biomass of the aboveground part of the plant was dried at 105 C during 24 h, afterwards weighted. Changes of biomass were expressed in percentage, taking the plant biomass from non-amended soil as 100%.
Statistical Analysis
The statistical data analysis was performed with the Single factor ANOVA Excel software for the significance level 0.05.
RESULTS AND DISCUSSION
Our previous study showed the appropriateness of Devonian clay granules as a carrier for biofilm formation [26] . The previous experiment with synthetic wastewaters under similar conditions has revealed a decrease of nitrification efficiency in Column I during the 2 nd and 3 rd cycles, as compared to the 1 st cycle [36] . It is probably caused by a shortage of nutrients for maintaining the activity of nitrifying bacteria attached to the carrier. Recently, certain groups of heterotrophic-nitrifying bacteria such as Pseudomonas spp., Alcaligences spp. etc., were reported to have heterotrophic nitrification and aerobic denitrification ability [4, [37] [38] [39] . In this experiment two feeding strategies were compared, i.e. the first three cycles were performed with wastewaters only, while in the following three cycles wastewaters were amended with 3% ethanol.
Changes in the Wastewater During Treatment Process
As shown in Fig. (1) , addition of ethanol in the cycle 4 resulted in considerable pH changes in all three columns. In particular, the pH value of wastewaters in Column I was decreased from 7.3 to 6.2 during 7 days of treatment (Fig. 1) . The following cycles also demonstrated the lower pH values, as compared to those without ethanol addition. A similar tendency was revealed also for Column II and III (Fig. 1) . Apparently, addition of ethanol was followed by increased metabolic activity of microorganisms, which, in turn, increased the concentration of biomass and metabolites. Concentration of ammonium in wastewaters considerably decreased in the "nitrification" Column I in the presence of ethanol, i.e. cycles 4-6 (Fig. 3) . Conversely, in the Column III, an increase of ammonium ions in the treated wastewaters was observed (Fig. 2) . As reported by [40] , the key environmental factors determining whether nitrite will be reduced to nitrogenous gas or ammonium, would be microbial generation time, supply of nitrite relative to nitrate, and the carbon/nitrogen ratio. Besides, in case of single anaerobic/aerobic up-flow submerged biofilm reactor the effluent recycling improved ammonia and nitrogen removal, while an enhanced ammonification was shown under aerobic conditions [41] . In our study, an increase of ammonium concentration in Column III could be attributed to specific environmental conditions, which were established during the experiment.
Regarding concentration of phosphates, no considerable changes were detected in Column I and II in the presence of ethanol. Some increase of P-PO 4 3-, i.e. from 40.7 mg L -1 to 67.1 mg L -1 was found in Column III in the 4 th cycle after 7 days of treatment (Fig. 4) . In turn, in the first three cycles without ethanol, there was a notable increase of P-PO 4 3-already in Column II, i.e. from 29.8 mg L -1 to 79.6 mg L -1 (Fig. 4) . The increasing of P-PO 4 3-and at the same time the N-NH 4 + may indicate that the equilibrium of solubility of low soluble phosphates changes. Some authors show [42] that with decrease of pH the solubility of phosphate compound (struvite) increases. The increase of phosphates in Fig (1) . pH changes of wastewater during six cycles in the column cascade. Fig (2) . Concentration of ammonium in wastewater during the treatment process in column cascade, cycle 5. 
Fig (4)
. Phosphorus (P-PO 4 3-) concentration before and after ethanol addition, cycles 3 and 4. Initial concentration of P-PO 4 3-in wastewater was 62 mg L -1 . Column I Column II Column III the liquid phase ( Fig. 4 ; columns I-III) coincided with the decrease of phosphorus on surface of the beads after the experiment ( Table 3) .
With regard to nitrification process dynamics, the changes of nitrite and nitrate concentration were compared in cycle 3 and 4, thus, before and after ethanol addition. As shown in Table 1 , in the presence of ethanol the concentration of N-NO 2 -after 7 days of treatment decreased from 1.008 to 0.025 mg L -1 . Conversely, some increase of N-NO 3 -was detected ( Table 1) .
Effect of organic compounds on the activity of nitrifying microorganisms depends on the type of organic matter added and the feeding pattern. As reported by Gomez and coworkers [43] , ethanol and acetate were consumed in a mixotrophic way by the nitrifying sludge in batch cultures. Moreover, ethanol was found to be an efficient external carbon source also enhancing the denitrification process. The choice of ethanol as the carbon source is considered to be a promising alternative to the more commonly used methanol both with respect to economy and process flexibility [44] .
Therefore, an increased activity of biochemical processes detected in the columns with ethanol amendment can be explained by providing additional nutrients for the growth of microbial biomass and as a source of energy. Wastewater treatment performance occurred under non-sterile conditions therefore a specific microbial community was developed in each column. Comparison of three columns of the cascade after cycle 6 has revealed differences in the microbial community and COD in the liquid phase ( Table 2 ). The counts of aerobic bacteria per ml of wastewater liquid averaged at 8 log CFU in column I and II and at 7 log CFU in column III, anaerobic bacteria at 6 log CFU in all three columns, filamentous fungi at 6 log CFU in Column I, from 4 to 5 log CFU in Column II and 4 log in Column III, and yeasts at 5-6 log CFU in all three columns. The highest concentration of filamentous fungi and yeasts was detected in the liquid phase of Column I. While the highest CFU number of bacteria was found in Column II, afterwards it was considerably reduced in Column III, i.e., from 95 mln CFU mL -1 to 4.3 mln CFU mL -1 , respectively ( Table 2) . Apparently ethanol was consumed by microorganisms mostly in the first stage of the cascade, i.e. Column I. A continuous decrease of COD in the treated wastewaters through the cascade stages can indicate a reduced amount of suspended microbial biomass, thus supporting the statement about a non-equal distribution of the additional carbon source among columns of the cascade. This makes the process more heterogenic in terms of the study on the ethanol influence on the whole process.
Physicochemical and Microbiological Characteristics of the Ceramic Carrier at the End of the Experiment
A heterogeneity of the processes occurring in the column cascade was predicted by the experiment design, which included different microbial cultures initially inoculated, different composition of liquid broth, aeration conditions, as well as a non-equal consumption of ethanol among the stages of the cascade. As a result, the packing material sampled from three columns at the end of the experiment differed by chemical and microbiological characteristics. A visual comparison of beads has revealed a principal difference between ceramic beads in Column I and the subsequent two columns (Fig. 5 ). An intensive growth of microorganisms when ethanol was added to wastewaters (cycles 4-6) resulted in formation of a strong biofilm (Fig. 5A) . White crystals on the bead surface in Column I were originated from nutrient broth used at the beginning of the experiment for cultivation of nitrifying bacteria (excess of CaCO 3 ) (Fig. 5B) . In turn, the surface of the packing material sampled from Columns II and III, was not covered by a thick biofilm, while blue crystals were found on the ceramic beads (Fig. 5C, D, E) .
Thermal analysis of the beads from Column I showed three characteristic peaks on the thermogram (Fig. 6) . In particular, mass losses of 0.23% and 0.08% were detected, due to decomposition of organic substances with different decomposition temperature at 173 C and 481 C, respectively. In addition, formation of inorganic composition on the surface of pellets, which decomposed during thermal analysis at temperature 682 ˚C and characterized with endothermic effect and mass loss 0.10%, was detected. XRay phase analysis indicated that this compound was CaCO 3 .
Chemical analysis showed the differences in the content of N, P, C, and S in the beads. In particular, N, C and S in the beads were found to increase in Column III, as compared to non-treated beads and Column I. Conversely, the lowest concentration of P was detected in the final step of the process, i.e. in Column III ( Table 3) . These data are in a good agreement with those shown for the liquid phase of Column III, where an increase of soluble P-PO 4 -3 was shown (Fig. 4) . The concentrations of K and Fe 2 O 3 in the ceramic beads were not changed during the experiment ( Table 3) . While ceramic beads from Column III were characterized by the highest specific surface area, as compared to the columns I and II and the control ( Table 3) .
Comparison of microbial activity on the ceramic bead surface in the tested columns revealed differences of microbial enzyme activity, number of CFU and diversity of microbial community among the three columns tested. Moreover, microbial activity differed at different column heights. In particular, the highest FDA hydrolysis activity was detected on the lower level in Column I. FDA activity of immobilized microorganisms in Columns II and III was dramatically decreased, with the lowest activity in the middle and lower levels. The differences of DHA activity in the tested columns at the end of the experiment were similar to those shown for FDA hydrolysis activity ( Table 3 ). The highest DHA activity was revealed for microorganisms in Column III, while the lowest -in Column II, respectively.
For both FDA hydrolysis and DHA activity, a common relationship of enhancing enzyme activity directed to the upper layer, was shown for both Column II and III. This fact can be explained by more intensive aeration due to passive air diffusion. Conversely, Column I was continuously aerated by up-flow air pumping, therefore, the bottom level of the column was the most saturated with oxygen. The changes in enzyme activity of microorganisms immobilized on the ceramic carrier dependent on the cascade step and column level (depth) was shown also for urease ( Table 3 ).
The count of aerobic bacteria per gram of moist ceramic carrier averaged at 7-9 log CFU, from 6 to 8 log CFU of the Fig (5) . Micrographs of the surface of ceramic beads sampled from Column I (A, B) and Column III (C, D, E) at the end of the experiment. Formation of crystals on the beads in Column I was caused by excess of CaCO 3 in liquid broth, which was applied at the initial stage of the experiment when consortium of nitrifyers was inoculated. Blue crystals on the beads in Column III were formed during wastewater treatment .   Fig (6) . Thermograms of ceramic beads sampled from Columns I, II and III at the end of the experiment. anaerobic bacteria, as well as from 4 to 7 log CFU of the filamentous fungi and from 3 to 7 log CFU of yeasts ( Table  3) . Filamentous fungus Fusarium sp. and pink coloured yeast Rhodotorula sp. were found to be predominant in all of the analysed samples of the liquid phase as well as on the ceramic carriers.
The heterogeneity of microbial activity in the three columns as well as along the column height can be caused by different physicochemical conditions and, therefore, different intensity of biofilm formation. In addition, different conditions during the experiment can sufficiently influence the diversity of microbial community on the carrier. Indeed, comparison of the Shannon's diversity index obtained on EcoPlate for three different levels of the three columns indicated the changes in the structure of the microbial community with a similar tendency as was shown for microbial enzyme activity ( Table 3 ). The major factors shaping microbial communities were reported to be such environmental variables as: hydraulic retention time, influent COD, NH 4 + -N, temperature, etc. mixed liquid temperature and humic substances [45] .
Characteristics of ceramic beads after the experiment showed the nitrogen and phopshorous concentrating on concentration of nitrogen and phosphorus on their surface, as well as proliferation of different microorganisms, which could produce either an inhibition or stimulation effect on the growth of plants. In case the used ceramic beads after wastewater treatment will be utilized as an alternative fertilizer, it would be important to test them in vegetation experiments. Comparison of rye and cress response to the presence of the used ceramic beads in loamy sand soil showed the plant species specific effect after a 21-day vegetation experiment. The highest increase of dry mass of aboveground biomass (11% -20% higher than in the control) was detected for all three species in soil amended with beads from Column II. Beads from Columns I and III under test conditions inhibited the growth of rye ( Table 3) .
Massey and coworkers reported the results of a greenhouse study with spring wheat, using triple superphosphate, organic rock phosphate, recovered struvite, dittmarite, and a heterogeneous recovered phosphate as a fertilizer. All fertilizers generally performed similarly to one another, increasing plant dry matter over control [46] .
Summarizing the results obtained in this study, it can be concluded that the model system constructed in this study has a potential for further development of the wastewater treatment process in the columns cascade. The porous ceramic beads were shown to be a stable supporting material for microbial immobilization. The ethanol addition stimulated ammonia removal from synthetic wastewater. Concentration of N and P on the bead surface during the process was detected. Some increase of soluble phosphates was shown in Columns II and III of the cascade. Apparently this effect was caused by rehydrolysis of polyphosphates from biomass and decrease of pH. The scheme of further experiments can be modified by shortening the retention time of wastewater in the columns as well as optimizing the "beads : liquid phase" ratio.
